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We constrain the lifetime of thermally produced Heavy Neutral Leptons (HNLs) from primordial
nucleosynthesis. We show that even a small fraction of mesons present in the primordial plasma
leads to the over-production of the primordial helium. This puts an upper bound on the lifetime of
HNLs τN < 0.02 s for masses mN > mpi (as compared to 0.1 s reported previously). In combination
with accelerator searches, this allows us to put a new lower bound on the HNLs masses and defining
the “bottom line” for HNL searches at the future Intensity Frontier experiments.
Introduction. Heavy neutral leptons (HNLs or right-
handed neutrinos) are hypothetical particles capable of
explaining neutrino masses and oscillations [1] and resolv-
ing other beyond-the-Standard-Model phenomena: the
origin of the baryon asymmetry of the Universe [see e.g.
2] and the nature of dark matter [3]. Extending the
Standard Model with exactly three HNLs with masses
below the electroweak scale and not other heavy physics
allows explaining all three beyond-the-Standard-Model
phenomena [4–6]. An attractive feature of the models
with MeV–GeV scale HNLs is that they can be tested by
a combination of accelerator searches at the LHC ([see
e.g. 1, 7] and refs. therein) and future intensity frontier
experiments [see e.g. 8].
The single requirement that HNLs contribute sizeably
to the masses of neutrinos combined with existing accel-
erator exclusions does not allow putting a lower bound
on the HNL mass. Such a lower bound can be obtained
if we add to the picture constraints from Big Bang nu-
cleosynthesis (BBN). Primordial abundances of 4He and
D are measured with high accuracy [9–14]. Their agree-
ment with the Standard Model predictions [15–19] serves
as one of the “pillars” of modern cosmology.
The success of the Standard Model-based BBN
(SBBN) predictions permits using it to constrain hy-
pothetical particles with lifetimes O(10−2) s – O(102) s
([see e.g. 20] for review). In particular, decays of HNLs
in MeV-temperature plasma affect two observable quan-
tities: (i) the abundances of light elements (in this paper
we consider only 4He); (ii) the effective number of rel-
ativistic species, Neff. This was used to put an upper
bound on HNL lifetime [21–32]. These bounds were ob-
tained using decays of HNLs into electromagnetic parti-
cles and neutrinos.
The goal of this paper is to derive BBN bounds for
HNLs that can decay into mesons. The effect of mesons
on the MeV plasma is qualitatively different as they in-
teract with protons and neutrons via strong interactions.
Although lifetimes of mesons, τmeson ∼ 10−8 s, are orders
of magnitude smaller than any relevant BBN time scales,
they can be present in the plasma as long as HNLs are
still abundant and decay. p → n and n → p reactions
driven by mesons have a cross-section O(1016) larger
than that of weak processes that are normally respon-
sible for the p ↔ n conversion in the absence of mesons
(e.g. in Standard Model BBN). Moreover, these reac-
tions, in both directions, have no threshold and roughly
equal cross-sections (due to isotopic symmetry).
Therefore, the presence of even a small fraction of
mesons in the plasma quickly equilibrates the number den-
sities of protons and neutrons.
Once HNLs decay, mesons also disappear (instanta-
neously as compared to the time scales relevant for BBN),
and the neutron-to-proton ratio nn/np relaxes solely due
to the SM (weak) processes. If the HNL’s lifetime is short
enough, nn/np relaxes to its SM value before weak reac-
tions freeze out, leaving no observable effect. However, if
HNLs (and mesons) survive until T ' 1.5 MeV and be-
low, there is not enough time to completely relax down
to the SBBN value. This residual effect leads to a strong
upper bound on the HNL lifetime.
The meson driven p ↔ n conversion and its influence
on BBN were studied in [33–38] in the context of dark
scalars. In this work, we develop for the first time such
an analysis for the case of HNLs and demonstrate that
the meson effect imposes an upper bound τN . 0.02 s,
as compared to τN ' 0.1 s obtained in [22]. Another
recent update of BBN constraints on HNLs (not taking
into account the effects of mesons) is reported in [32, 39].
For temperatures corresponding to such short life-
times, all Standard Model particles are in thermal equi-
librium. This makes all other effects of HNLs on BBN
completely irrelevant and allows deriving the bounds
purely analytically, avoiding any computations of com-
plicated Boltzmann equations.
Meson-driven p ↔ n conversion. Sufficiently heavy
HNLs can decay into mesons h = pi,K, etc (see [40, 41] or
Appendix C). Charged pions drive the p↔ n conversion
via [33]
pi− + p→ n+ pi0/γ, pi+ + n→ p+ pi0. (1)
The cross-section of these reactions is very large:
〈σpip↔nv〉
〈σWeakp↔n v〉
' 1
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Figure 1. Left panel : temperature evolution of the neutron abundance Xn = nn/(nn+np) in the presence of pions from decays
of an HNL with mass mN = 400 MeV and lifetime τN = 0.03 s. Below T ' 100 MeV, pions drive the neutron abundance
to Xn ≈ 0.5. At temperatures T0 ' 1.3 MeV (the blue vertical dashed line) pions disappear, and Xn starts relaxing towards
its SBBN value but does not reach it. After the neutron decoupling (the gray vertical line) Xn evolves mainly due to the
neutron decays. Right panel : a relation between the temperature T0 (defined by Eq. (7)) and corrections to the 4He abundance,
as compared to the SBBN central value Y¯p ≈ 0.247. It corresponds to the case of when only charged pions are present in
plasma. The gray horizontal line corresponds to maximally allowed correction ∆Yp/Y¯p = 4.35% that we adopt in this work
(see Appendix A). The intersection of gray and colored lines defines the temperature Tmin0 . Its actual value in presence of all
mesons always lies close to Tmin0 ≈ 1.5 MeV independently on the HNL mass (see Fig. D 2 a).
Large cross-section, absence of threshold and isotopic
symmetry of these processes mean that if pions are
present in the plasma in the amounts at least compa-
rable with that of baryons, they drive the ratio of num-
ber densities of protons and neutrons to equal values,
nn/np ' 〈σpip→nv〉/〈σpin→pv〉 ' 1.1 The effect of kaons
is qualitatively similar, but leads to a slightly different
neutron-to-proton ratio (Appendix D2 a).
The impact of this effect on primodial 4He abundance
depends on how long mesons remain present in plasma
in significant amounts. Once mesons are created, they
can (i) scatter and lose energy; (ii) decay; (iii) par-
ticipate in p ↔ n conversion. The corresponding rates
are very different: at MeV temperatures and below,
Γhscat  Γhdecay  Γhp↔n (see [37]). The instantaneous
number density of mesons is an interplay between their
production (via decays of HNLs) and their decays:
ninsth = nN (T ) ·BrN→h
ΓN,dec
Γh,dec
= nN (T ) ·BrN→h τh
τN
. (3)
Here, BrN→h is the branching of HNLs into mesons (Ap-
pendix C). nN (T ) is the number density of HNLs. We
consider here HNLs that were produced thermally and
1 For each of the processes (1), there are no inverse reactions. In-
deed, pi0 decays very fast, whereas γs quickly lose their energy.
Therefore, the conversion (1) is highly non-equilibrium, and the
corresponding value of nn/np is not given by the usual Boltz-
mann exponent.
decouple at some temperature Tdec (see Appendix B).2
Therefore,
nN (T ) =
(
adec
a(T )
)3
· ndecN · e−
t(T )
τN , (4)
where ndecN is the HNL number density at decoupling, and
a(T ) (adec) is the scale factor at temperature T (corre-
spondingly, at HNL decoupling).
The number of p↔ n reactions per nucleon occurring
after time t τN (or below some corresponding temper-
ature T (t)) is thus
Nhp↔n(T ) =
∑
h
∞∫
t(T )
dt ninsth (T ) · 〈σhp↔nv〉 ≈
≈
(adec
a
)3 ndecN
nB
· e−
t(T )
τN · BrN→h · Pconv, (5)
where nB is the baryon number density, the sum goes
over meson species and Pconv is the probability for a sin-
gle meson to interact with nucleons before decaying:
Pconv '
nB · 〈σhp↔nv〉
Γhdecay
. (6)
2 Besides thermal production, out-of-equilibrium production
mechanisms of HNLs exist [see e.g. 42, 43], that we leave for
future works (see, however, [31] where a part of this parameter
space was explored).
3Excluded region
Produced out of equilibrium
Ue
2:Uμ2:Uτ2=1:0:0
Ue
2:Uμ2:Uτ2=0:1:0
Ue
2:Uμ2:Uτ2=0:0:1
0.05 0.10 0.50 1
0.01
0.10
1
10
100
1000
mN [GeV]
τ N[s] Excluded region
This work
Ruchayskiy et al.
Dolgov et al.
Sabti et al.
0.05 0.10 0.50 1
0.01
0.02
0.05
0.10
0.20
mN [GeV]
τ N[s]
e mixing
Figure 2. Left panel : BBN bounds on HNL lifetime for different mixing patterns. The gray region is excluded as a result
of this work (for masses below pion threshold we use the results of [39]). The magenta shaded region corresponds to the
domain excluded in [31]. We considered HNLs that are produced thermally and sufficiently short-lived, so that they do not
survive until the onset of nuclear reactions (see Eq. (E2) in Appendix). Right panel : upper bounds on the HNL lifetime
from primordial nucleosynthesis (thick blue line) assuming mixing with electron flavor only. The violet lines are results of
the previous works [22, 25, 32]. Notice that other works adopted less conservative values for the maximally admissible 4He
abundance: Yp,max = 0.2696 in [22, 25] and Yp,max = 0.253 in [32] as compared to Yp,max = 0.2573 in this work (see text for
details).
At O(1 MeV) temperatures, Pconv ∼ 10−2 − 10−1, see
Eq. (D9) in Appendix D1.
The meson driven conversion keeps the value nn/np '
1 roughly until a temperature T0 when the number of
reactions drops below one,
Nhp↔n(T0) ' 1, (7)
and weak SBBN reactions start to relax the n/p ratio
down to its SBBN value, see Fig. 1 (left panel). How-
ever, if T0 is close enough to the freeze-out of weak p↔ n
processes, occurring at Tn ' 0.8 MeV, the relaxation is
not complete (Fig. 1, right panel). This leads to a posi-
tive correction ∆(nn/np) as compared to the SBBN case,
which translates to an increase of the 4He abundance
∆Yp.
In this way, the upper bound on the 4He abundance
Yp,max is translated to the lower bound T0 ≥ Tmin0 . To-
gether with the relations (5)–(7), this allow us to find an
upper limit on the HNL lifetime τN :
τN .
t(Tmin0 )
ln
[∑
h
(
adec
a0
)3
ndecN PconvBrN→h
nγ(Tmin0 )ηB
] . (8)
Here, nγ is the number density of photons, ηB is the
baryon-to-photon ratio, and t(T ) is time-temperature re-
lation. t(T ) is given by the Standard Model relation:
t(T ) = M∗2T 2 , withM∗ =
MPl
1.66
√
g∗
the reduced Planck mass,
where g∗(T ) ' 10.6 for T ' 1− 2 MeV.3
3 This is indeed the case for short-living HNLs with τN  0.1 s.
Let us rewrite the logarithmic factor in (8) as(
adec
a0
)3
nN,dec
nγ(Tmin0 )
=
nN,dec
nγ(Tdec)
·
(
adecTdec
a0Tmin0
)3
. (9)
HNLs with mN & mpi and lifetimes τN  0.1 s decou-
ple while being ultrarelativistic, Tdec  mN (see Ap-
pendix B) implying nN,dec/nγ(Tdec) ≈ 3/2. In SBBN at
temperatures T & 1 MeV, all particles are at local equi-
librium, which define the dynamics of the scale factor:
(
adecTdec
a0Tmin0
)3
≈ g∗(T
min
0 )
g∗(Tdec)
' 1
8
. (10)
Decays of heavy HNLs violate thermal equilibrium at
O(1 MeV) and the scaling (10) is not valid. This leads to
an additional decrease of this ratio by a factor of 0.1−0.6
for HNL masses mpi . mN . 3 GeV (we will use 13 for
normalization below), see Appendix B.
This results in
τN .
0.023
(
1.5 MeV
Tmin0
)2
s
1 + 0.07 ln
[
Pconv
0.1
BrN→h
0.4
2nN,dec
3nγ(Tdec)
· 24
(
adecTdec
a0Tmin0
)3] .
(11)
Using values of BrN→h, Pconv and the scale factors ra-
tio (Appendices C, D 1, B correspondingly), we conclude
that the logarithm in (11) is O(1) for HNLs in the mass
rangemN = O(1 GeV) and affects the overall bound very
weakly. Therefore, we should neglect it, and the bound
depends only on Tmin0 .
4To fix the value of Tmin0 (mN ), we need to adopt an
upper bound on the primordial 4He abundance Yp,max.
There are several methods of measuring the abun-
dance [44]. The smallest error bars come from mea-
suring Yp in low-metallicity interstellar medium and fur-
ther extrapolating its value to zero metallicity (pionered
in [45]). Over last years, several other groups [10–14] have
determined Yp using this method. However, all these
works used different data and assumptions, and there-
fore their results deviate larger than the the reported
error bars. We treat this difference as a systematic uncer-
tainty. Since the effect of mesons considered in this paper
increases Yp, for getting a conservative upper bound we
use the maximal value Yp,max = 0.2573 obtained by this
method [10] (see also Appendix A). The maximal allowed
deviation from SBBN is
∆Yp/Yp,SBBN ≈ 4.35%. (12)
To get the relation between ∆Yp and Tmin0 , we study how
nn/np is relaxed below T0 by the weak processes:
dXn
dt
= ΓSBBNp→n (1−Xn)− ΓSBBNn→p Xn, Xn =
nn
nn + np
,
(13)
with the initial condition nnnp
∣∣
T=T0
' 1.4 Here, ΓSBBNn↔p, (t)
are weak SBBN rates (see e.g. [15]). The correction to
4He abundance is then determined as
∆Yp
Yp,SBBN
=
∆Xn(Tbbn)
Xn,SBBN(Tbbn)
, (14)
where Tbbn ≈ 84 keV is the temperature of the onset
of nuclear reactions [15]. The maximal allowed correc-
tion (12) is reached if Tmin0 ' 1.5 MeV almost indepen-
dently on HNL mass (see Fig. 1 and Appendix D2 a).
Plugging Tmin0 in (11), we get the bound
τN . 0.023 s. (15)
The main approximation used to obtain the analytic
bound (11) is that for temperatures T > Tmin0 we took
into account only meson driven p↔ n processes, while at
T < Tmin0 only weak SBBN processes are considered. To
verify that the contribution of the intermediate regime
T ' Tmin0 , when both processes are important, is neg-
ligible, we solved numerically the equation (13) for the
neutron abundance in the presence of both mesons and
SBBN rates, see Appendix D2. We have obtained con-
straints at the level of 0.019− 0.021 s, which is in a good
agreement with (15). We have also repeated our analysis
for the case of the GeV-mass scalar that mixes with the
Higgs and found an excellent agreement with [34, 35].
Conclusion. We demonstrated that HNLs with masses
above the pion production threshold significantly affect
4 More accurate values of nn/np are given in Appendix D 2.
the primordial 4He abundance mainly because of the in-
fluence of mesons produced by HNLs on the p↔ n con-
version rates. We consider HNLs which are produced
thermally in the early Universe and then froze out, and
do not survive until the onset of nuclear reactions. We
performed our analysis for two HNLs (this is taken into
account for the abundance of HNLs) with closely degener-
ate masses and the suppression of lepton flavor violating
decays (this influences the decay width that we used),
that form a quasi-Dirac fermion. Such HNLs are mo-
tivated by the νMSM [see e.g. 46, 47]). However, our
constraints may be easily translated to other models of
HNLs.
The final bounds for different mixing patterns are
shown in Figs. 2 (in terms of the lifetime) and 3 (in terms
of the mixing angle). The comparison of our bounds with
the previous results [22, 25, 32] is shown in the right panel
of Fig. 2. We have obtained the bound τN . 0.02 s, as
compared to the result τN . 0.1 s of [22], that was com-
monly used in the literature for HNLs in this mass range.
The recent work [32] has improved the result of [22] and
produced a bound that is a factor of∼ 2−3 (depending on
mN and mixing) weaker than the bound of the current
paper ([32] however used less conservative assumptions
about maximally allowed 4He abundance, see the discus-
sion in Appendix A). [32] did not take into account the
effects of mesons and their results have been obtained nu-
merically. Meson effects discussed here not only produce
a stronger effect on BBN (and therefore a tighter bound)
but also allow for an analytic description that is easier to
understand and check.
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Figure 3. Bounds for HNLs mixed with a particular flavor. The blue area is excluded by our present analysis combined with [39]
(for HNL masses below the charged pion production threshold). The dark gray area denotes the excluded HNL parameter space
from previous searches [1], including the latest NA62 search [48]. The red and greed dashed lines show the sensitivity of several
future intensity frontier experiments with the highest sensitivity in the regions of interest – SHiP [49, 50] and DUNE [51, 52]
(see [8]). Finally, the black dashed line denotes the seesaw bound applicable if two degenerate in mass HNLs are responsible
for neutrino oscillations (as in the νMSM) [1, 53]. The light gray region limits the applicability of our approach: we considered
HNLs that are produced thermally and are sufficiently short-living such that they do not change the nuclear reaction framework
by their meson decay products.
Confronted with the bounds from accelerator searches,
this rules out HNLs with mass below 500 MeV (for elec-
tron mixing) and 350 MeV (for muon mixing). With
future searches at Intensity Frontier [see e.g. 8, 54], even
heavier HNLs with masses mN ' 750 MeV may be ex-
cluded. In total, in the mass range from 500 MeV till
about 2 GeV the “bottom line” on HNL mixing angles
for the future searches is raised by at most a factor of 5.
Acknowledgements. We thank K. Bondarenko,
N. Sabti for useful discussions and Yu. Izotov for dis-
cussions related to the uncertainties of primordial He-
lium determination. This project has received funding
from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation
programme (GA 694896) and from the Carlsberg Foun-
dation.
6Supplementary Online Material
Appendix A: 4He abundance
Over the last 6 years five works determined the primordial 4He abundance from stellar measurements [10–14]. The
formal statistical errors of Yp are at the level of 1 − 3%, however, the scatter between different groups is larger, see
Fig. A.1.
All these works determine astrophysical Helium abundance through measurements of recombination emission lines
of 4He and H in the metal-poor extragalactic ionized regions, then linearly extrapolating the measurements to zero
metallicity. Given the high precision of the results, it is important to take into account various smaller effects: including
Figure A.1. Measurements of Yp of recent works [10–14]. The green shaded region is the PDG recommended value [44] (with
±1σ). The gray dashed line denotes the SBBN prediction Y¯p = 0.247 from [15]. The red dashed-dotted line is the maximal
admissible value Yp,max on which we base our analysis.
4He fluorescent emission, different ion temperatures, spatial temperature fluctuations, and others [55, 56]. Addition-
ally, while it is true that the metallicity and Helium abundance are positively correlated, the linear extrapolation to
zero-metallicity may be prone to systematic uncertainties.
The value of Yp predicted within the framework of SBBN is Y¯p = 0.247±0.00019 (see, e.g., [15]). The effect of mesons
leads to an increase of Yp as compared to the SBBN value. Therefore, in order to get a conservative upper bound we
assume that Yp is given by the 1σ deviation from the maximal value predicted by [10–14] which is Yp,max = 0.2573.
Note that this upper value significantly deviates from the PDG-recommended value [44] Yp,max = 0.248 at 1σ. This
translates to the bound
∆Yp
Y¯p
< 4.35% (A1)
Appendix B: Evolution of HNLs in early Universe
In this work we consider HNLs that were in thermal equilibrium in early Universe and then froze out. Details of
our estimate of their evolution are provided in [39]. The evolution of HNLs with masses above the pion production
threshold proceeds in two stages:
1. The freeze-out of HNLs occurs at some temperature Tdec defined via
ΓintN (Tdec) ' H(Tdec), (B1)
where ΓintN is the rate that keeps HNLs in thermal equilibrium with the primordial plasma,
5 and the Hubble
rate H corresponds to its Standard Model value (at the decoupling, HNLs with masses mN & mpi and lifetimes
5 We use the matrix elements of all relevant processes with HNLs from [32].
7mN = 1 GeV
mN = 500 MeV
mN = 140 MeV
0.01 0.02 0.03 0.04 0.05
0.2
0.4
0.6
0.8
1.0
τN [s]
ζ
τN = 0.02 sτN = 0.05 sτN = 0.1 s
0.2 0.4 0.6 0.8 1.0
0.05
0.10
0.50
1
mN [GeV]
Y
N
,1
0-2 ×
e mixing
Figure B.1. Left panel : values of the entropy dilution factor (B6) for short-living HNLs mixing with νe. Right panel : HNL
abundances versus the HNL mass for particular values of the lifetime. Details of the calculation of the abundances and ζ are
given in [39].
in the range of interest contribute just a small fraction of the energy density of the Universe). Within the O(1)
accuracy, the decoupling temperature Tdec may be estimated as
Tdec ' Tν,dec ×

1
U2/3
1
n
1/3
int
(
g∗(Tdec)
10.75
)1/6
, mN & 200 MeV, τN . 0.1 s
1
U2
1
nint
(
100 MeV
mN
)2(
g∗(Tdec)
10.75
)1/2
mN . 200 MeV, τN . 0.1 s,
(B2)
where Tν,dec ≈ 1.4 MeV is the decoupling temperature of active neutrinos, nint = ΓN,intU2G2FT 5/96pi3 is the effective
number of particle species that interact with HNLs (it varies from 1 at T ' O(1 MeV) to ' 3 at GeV tem-
peratures). For the lifetimes τN . 0.1 s, HNLs decouple while being non-relativistic for mN . 200 MeV and
relativistic otherwise. To determine the HNL number density at decoupling, we solve the following equation:
dnN
dt
+ 3HSM(t) · nN = −ΓintN (T )(nN − nN,eq), (B3)
where nN,eq is the number density of HNLs at equilibrium (i.e., calculated using the Fermi-Dirac distribution).
Expressing the total HNL number density (i.e. for HNLs and anti-HNLs) in terms of the abundance YN ,
YN =
(nN
s
)
T=Tdec
, (B4)
where s = g∗ 2pi
2
45 T
3 is the entropy density, we find YN ' 0.6g∗(T−) in the ultra-relativistic regime and a factor of
O(2) larger otherwise, see Fig. B.1.
After the freeze-out, the HNL comoving number density changes only due to HNL decays. The physical HNL
number density thus evolves as
nN (T ) = nN (Tdec) ·
(
a(Tdec)
a(T )
)3
· e−t/τN (B5)
2. Decays of HNLs inject the energy density into the primordial plasma. This results in a change of the time-
temperature relation and the scale factor evolution as compared to SBBN. The latter provides additional dilution
of decoupled relics (including HNLs themselves) in comparison to the SBBN case:
ζ(T ) =
(
aSBBN(T )
aSBBN+HNLs(T )
)3
< 1 (B6)
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Figure C.1. Branching ratios (C2) of decays of an HNL into mesons h = pi−,K−,K0L. Secondary decays are also included (see
text for details).
To calculate ζ, we solve the Friedmann equation under an assumption that neutrinos are in perfect equilibrium.
This is a reasonable assumption, since the most of HNLs with lifetimes τN  0.1 s decay much earlier than
neutrinos decouple (which occurs at Tν,dec ' 1.4 MeV, [57])). We also consider electrons as ultra-relativistic
particles. This results in a simple expression of SM particles energy density in terms of temperature, ρSM ≈
10.75pi
2
30T
4. As a result, the Friedmann equations become
H2(t) =
1
M2Pl
8pi
3
[
ρSM +mN · nN (T )
]
,
4
ρSM
T
dT
dt
=
mNnN (t)
τN
− 4H(t) · ρSM,
(B7)
where the number density of HNLs is given by Eq. (B5).
The values of the HNL abundances and the dilution factor at times t  τN (i.e. when HNLs have completely
disappeared, so ζ saturates) are given in Fig. B.1.
Appendix C: Hadronic decays of HNLs
In this work, we consider quasi-Dirac HNLs. The abundance of a meson h produced from such HNLs is proportional
to the quantity
YN · BrN→h + YN¯ · BrN¯→h ≡ YN · BrN→h, (C1)
where N (N¯ ) denotes an HNL (anti-HNL), YN = 2YN = 2YN¯ is the total abundance of HNLs (Sec. B), BrN→h,
BrN¯→h are branching ratios of decays into a meson h, and BrN→h is defined by
BrN→h =
BrN→h + BrN¯→h
2
(C2)
The mass dependence of BrN→h for the case of different mesons h and mixing patterns is shown in Fig. C.1. Below
we describe our description of hadronic decays of HNLs, mainly following [41].
Decays into pions. In the case of the pure e/µ mixings, the charged pion production threshold corresponds to
mN = mpi + ml, where l = e/µ. For τ mixing, the similar charged current-mediated channel opens up only at
mN = mτ + mpi ' 1.9 GeV. However, for all types of mixings charged pions may appear as secondary particles in
decays of neutral mesons,
N → h0 + να, h0 → pi± +X, where h0 = ρ0, η0, η′, ω0, φ (C3)
9Therefore, for τ mixing charged pions may appear at masses mN ≥ mη0 . We use the branching ratios Brη0→pi±X ≈
0.27, Brρ0,±→pi±X ≈ 1 [44].
Above mN ' 1 GeV, decays of HNLs into pions cannot be approximated by single meson decays. Indeed, decays of
GeV mass range HNLs are similar to decays of τ lepton [41], whereas for the latter hadronic decays are dominated by
multi-pion channels [44]. We estimate the width of multi-pion decays as the difference between the total width into
quarks and the width into single mesons:
ΓN→npi = ΓN→quarks −
∑
h=pi,K,ρ,...
ΓN→hX (C4)
In our estimates, we will use the multiplicity of decays of HNLs into charged pions N → pi± the same as for
multihadronic decays of τ lepton, NN→pi+ = Nτ+→pi+ ≈ 1.35, NN→pi− = Nτ+→pi− ≈ 0.34 (and, vice versa, for anti-
HNL the multiplicities are NN¯→pi+ ≈ 0.34, NN¯→pi− ≈ 1.35). The multiplicities of decays into pi+ are the same as into
pi− but interchanged. Finally, the effective branching into pi− from multi-pion decays is
Brmulti-pionN→pi− = NN→pi− ·
ΓN→npi
ΓN
, Brmulti-pion
N¯→pi− = NN¯→pi− ·
ΓN→npi
ΓN
(C5)
Since the bound on the meson driven p↔ n conversion is only logarithmically sensitive to the value of BrN→pi± , our
results depend on these assumptions weakly.
Decays into kaons. Below mN = mφ, charged kaons may appear only through the mixing with e/µ in the process
N → K−l. It is Cabibbo suppressed [41] and almost two orders of magnitude smaller than into pions. Neutral kaons
appear only in the final states with three or more particles (such as N → K0 + K¯0 + να and N → K+ + K¯0 + `−,
etc).
HNLs heavier than φ meson may produce both charged and neutral kaons via decays N → φν, φ → KK. We
assume that K0 contains equal admixtures of K0L and K
0
S , i.e. BrN→K0L = BrN→K0/2. We use the branching ratios
Brφ→K− ≈ 0.5, Brφ→K0L ≈ 0.34 [44].
Appendix D: Changes in p↔ n rates due to the presence of mesons
In this section, we provide details on our estimate of the effect of mesons on BBN.
1. Processes and cross-sections
a. Pions. The threshold-less processes with charged pions are
pi− + p→ n+ pi0/γ, pi+ + n→ p+ pi0. (D1)
The cross-sections at threshold are [37]
〈σpi−p→nv〉 ≈ 4.3 · 10−23Fpic (T ) m3/s,
〈σpi−p→nv〉
〈σpi+n→pv〉
≈ 0.9 Fpic (T ), (D2)
where Fhc is the Sommerfeld enhancement of the cross-section due to presence of two oppositely charged particles in
the in-state:
Fhc =
x
1 + e−x
, where x =
2piαem
ve
, (D3)
where ve ≈
√
T
mh
+
√
T
mp
is the relative velocity between a nucleon and a meson. Fc is of order of one at T ' 1 MeV.
b. Kaons. The threshold-less n↔ p conversions driven by kaons are
K− + p→ Σ±/0/Λ + pi∓/0/pi0 → n+ 2pi,
K− + n→ Σ−/0/Λ + pi0/−/pi− → n+ 2pi,
K¯0L + p→ Σ0/+/Λ + pi+/0/pi+ → n+ 2pi,
K¯0L + n→ Σ±/0/Λ + pi∓/0/pi0 → p+ 2pi,
(D4)
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where Λ,Σ are the lightest strange hadronic resonances [33].
Their effect is similar to the one of pions, but with small differences: (i) cross-sections of above reactions are higher
than the cross-sections of (1)6, (ii) there is no isotopic symmetry - K+ mesons do not contribute to p↔ n conversion,
since there are no threshold-less processes n+K+ → p+X. Indeed, the process n+K+ → p+K0 has the threshold
Q ≈ 2.8 MeV, while the threshold-less processes going through s-quark resonances, similar to (D4), would require
resonances with negative strangeness and positive baryon number, that do not exist, (iii) neutral kaons do not lose
the energy before decaying (however, we follow [33] and approximate the cross-sections by threshold values).
The threshold cross-sections are
〈σK−p→nv〉 ≈ 9.6 · 10−22FKc (T ) m3/s,
〈σK−p→nv〉
〈σK−n→pv〉
≈ 2.46 FKc (T ), (D5)
〈σK0p→nv〉 ≈ 1.95 · 10−22 m3/s,
〈σK0Lp→nv〉
〈σK0Ln→pv〉
≈ 0.41. (D6)
c. Conversion probabilities. The conversion probability convert p↔ n before decaying:
Phconv ≈
〈σhp↔nv〉nB
Γhdecay
, (D7)
where Γhdecay is the decay width and nB is the baryon number density. The decay widths of mesons are [44]
Γpi
±
decay ≈ 3.8 · 107 s−1, ΓK
−
decay ≈ 8.3 · 107 s−1, ΓK
0
L
decay ≈ 2 · 107 s−1 (D8)
Using (D2), (D5), (D8), for the p→ n conversion probabilities we obtain
Ppi
−
conv(T ) ≈ 2.5 · 10−2
(
T
1 MeV
)3
, PK
−
conv(T ) ≈ 2.8 · 10−1
(
T
1 MeV
)3
, P
K0L
conv(T ) ≈ 1.6 · 10−1
(
T
1 MeV
)3
(D9)
The largeness of the probabilities is caused by the fact that the decay of mesons proceeds through weak interactions,
while the p↔ n conversion is mediated by strong interactions. In particular, at T & 2 MeV kaons participate in the
conversion faster than they decay.
2. Numeric study
We consider a system with nucleons and mesons participating in the p ↔ n conversion processes (D1)-(D4). The
evolution of the neutron abundance is determined by the system of equations for Xn and the number densities of
mesons pi±,K−,K0L:
Xn
dt =
(
dXn
dt
)
SM +
(
dXn
dt
)
pi
+
(
dXn
dt
)
K− +
(
dXn
dt
)
K0L
,
dnpi−
dt = nN
BrN→pi−
τN
− Γpi−decaynpi− − 〈σpi
−
p→nv〉(1−Xn)nBnpi− ,
dnpi+
dt = nN
BrN→pi+
τN
− Γpi+decaynpi+ − 〈σpi
+
n→pv〉XnnBnpi+ ,
dnK−
dt = nN
BrN→K−
τN
− ΓK−decaynK− − 〈σK
−
p→nv〉(1−Xn)nBnK− − 〈σK
−
n→pv〉XnnBnK− ,
dn
K0
L
dt = nN
Br
N→K0
L
τN
− ΓK0LdecaynK0L − 〈σ
K0L
p→nv〉(1−Xn)nBnK0L − 〈σ
K0L
n→pv〉XnnBnK0L
(D10)
Here, (
dXn
dt
)
pi
= (1−Xn)npi−〈σpi
−
p→nv〉 −Xnnpi+〈σpi
+
n→pv〉,(
dXn
dt
)
K
= (1−Xn)nK〈σKp→nv〉 −XnnK〈σKn→pv〉
(D11)
6 The reason is that these reactions have higher available phase space and go through hadronic resonances.
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is the evolution of Xn due to different mesons (K = K−/K0L). In equations for the number density of mesons nh, the
first term comes from HNLs, the second due to decays of mesons and the last term is due to p↔ n conversion.
During times teq ' (Γhdecay)−1 ∼ 10−8 s, which are small in comparison to any other time scale in the system, the
solution for nh reaches the dynamical equilibrium:
npi− =
nN · BrN→pi−
τN (Γpi
−
decay + 〈σpi−p→nv〉(1−Xn)nB)
, npi+ =
nN · BrN→pi+
τN (Γpi
+
decay + 〈σpi+n→pv〉(1−Xn)nB)
, (D12)
nK =
nN · BrN→K
τN (ΓKdecay + 〈σKp→nv〉(1−Xn)nB + 〈σKn→pv〉XnnB)
, (D13)
where K = K−/K0L.
Therefore, we solve a single equation
Xn
dt
=
(
dXn
dt
)
SM
+
(
dXn
dt
)
pi
+
(
dXn
dt
)
K−
+
(
dXn
dt
)
K0L
. (D14)
where we use meson number densities given by D12 and D13 in meson-driven conversion rates. The comparison of
the resulting n↔ p conversion rates Γhp↔n = nh · 〈σhp↔nv〉 with the SM conversion rates in the case of HNLs is shown
in Fig. D.1.
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Figure D.1. Left panel : the behavior of the p → n (solid lines) and n → p (dashed lines) conversion rates in the case of pion
and kaon driven conversions and SBBN. We consider HNLs mixing with e flavor, mass mN = 1 GeV and lifetime τN = 0.02 s
as an example. Middle panel : the temperature dependence of the neutron abundance Xn assuming that its evolution is
completely dominated by the meson driven p ↔ n conversions. We consider HNLs mixing with e flavor and different masses:
mN = 200 MeV (only pions are present), mN = 700 MeV (pions and charged kaons are present), mN = 1.5 GeV (pions, charged
and neutral kaons are present). The dashed gray line denotes the value of the neutron abundance at equilibrium in SBBN.
Right panel : the HNL mass dependence of the temperature Tmin0 .
a. Xn driven by mesons
With the help of Eqs. (D2), (D5) we can straightforwardly obtain the value of the neutron abundance driven by
the conversion by the given meson h. As far as T & T0 (see Eq. (8) and left panel of Fig. D.1), the SM rates may be
completely neglected, and it reads
Xpi
±
n =
〈σpi−p→nv〉 · npi−
〈σpi−p→nv〉 · npi− + 〈σpi+n→pv〉 · npi+
≈ 0.9F
pi
c (T )
1 + 0.9Fpic (T )
, XK
−
n ≈
2.46FKc
2.46FKc + 1
, X
K0L
n ≈ 0.32 (D15)
The values of Xpi
−/K−
n grow with the decrease of the temperature due to the growth of the Coulomb factor Fc, which
enhances the rate of the p→ n process.
The quantities (D15) provide us the qualitative estimate of the value of Xn in presence of different mesons, Fig. D.1.
Below the kaon production threshold, Xhn = Xpi
±
n . At larger masses, in order to find Xhn we need to set the whole
right hand-side of Eq. (D10) to zero. Below the K0L production threshold (which occurs at mN = mφ), the value of
Xhn grows, since charged kaons tend Xn to higher values than Xpi
−
n . Above the neutral kaon production threshold,
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the ratio BrN→K−/BrN→pi− increases (Fig. C.1) and Xhn grows further. However, kaons K0L, that are present in small
amounts, somewhat diminish this growth.
The value of Xhn(mN ) provide us the mass dependence of Tmin0 (mN ), which is the smallest temperature allowed by
observations (remind Fig. 1). We show it in Fig. D.1 (right panel).
Appendix E: Dissociation of light elements by pions
Pions, if present in the plasma at temperatures T . Tbbn, dissociate light nuclei. The 4He threshold-less dissociation
processes are (see [33])
pi− +4 He→ T + n, pi− +4 He→ D + 2n, pi− +4 He→ p+ 3n (E1)
We may roughly estimate lifetimes at which the processes (E1) can be neglected by comparing the number density of
mesons available for the dissociation with the number density of 4He nuclei:
nh4He diss(Tbbn) n4He(Tbbn), (E2)
c.f. Eq. 7. Here,
npi4He diss(Tbbn) = nN · BrN→pi− · P4He diss (E3)
is the number density of mesons available for Helium dissociation, and P4He diss is the probability for a single meson
to dissociate 4He nuclei before decaying:
P4He diss =
〈σpi4He dissv〉n4He
Γpidecay
' 8.3 · 10−2 · 4 · n4He
nB
(
T
1 MeV
)3
, (E4)
where we used the total cross-section of the dissociation processes (E1), 〈σpi4He dissv〉 ' 6.5 · F4Hepi− mb (a factor
F4Hepi− ' 3.5 accounts for the Coulomb attraction, Eq. (D3)).
In our estimates, we use Tbbn = 84 keV, assuming that all free nucleons become bounded in 4He nuclei at this
temperature. We also do not take into account that after the dissociation of Helium the abundance of lighter elements
will be also increased significantly. Assuming n4He ' nB/4, we arrive at the upper bound on HNL lifetimes for which
our analysis is applicable, τN . 40 s.
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